The immune response t o a murine myeloid leukemia (cell line C14981 was studied in vitro and in vivo. Natural killer (NK) cells and CD8' cytotoxic T lymphocytes (CTL) were shown t o lyse C1498 in vitro through the binding of leukocyte function antigen-l (LFA-1) on effectors and intercellular adhesion molecule-l (ICAM-1) and ICAM-2 on C1498 target cells. However, the ability of nonimmunized mice t o resist an in vivo challenge of a low dose (lo4) of C1498 was NKcell, but not T-cell dependent. The failure of T cells t o participate in the immune surveillance of a low leukemia burden appeared, in part, because of a lack of expansion of leukemia reactive CTL precursors (CTLp). Leukemia reactive CTLp frequency estimations in naive and leukemia bearing mice were not significantly different (range, 1:20,600 t o 1:74,000) in contrast t o immunized mice (range, 1:1,400 t o 1:4,400). Leuke-CCORDING TO the immune surveillance theory, immunogenic cancer cells are eliminated by the host, whereas nonimmunogenic cancer cells escape detection and propagate in vivo.' In this study, we examine the in vitro and in vivo host immune responses to a murine acute myelogenous leukemia (AML) cell line, C1498,' which had arisen spontaneously and, therefore, had presumably escaped immune surveillance. We focused on both natural killer (NK) cells and T cells as possible mediators of immune surveillance, because either effector cell type has been shown to be capable of cytolysis of murine or human leukemias.'~'
The immune response t o a murine myeloid leukemia (cell line C14981 was studied in vitro and in vivo. Natural killer (NK) cells and CD8' cytotoxic T lymphocytes (CTL) were shown t o lyse C1498 in vitro through the binding of leukocyte function antigen-l (LFA-1) on effectors and intercellular adhesion molecule-l (ICAM-1) and ICAM-2 on C1498 target cells. However, the ability of nonimmunized mice t o resist an in vivo challenge of a low dose (lo4) of C1498 was NKcell, but not T-cell dependent. The failure of T cells t o participate in the immune surveillance of a low leukemia burden appeared, in part, because of a lack of expansion of leukemia reactive CTL precursors (CTLp). Leukemia reactive CTLp frequency estimations in naive and leukemia bearing mice were not significantly different (range, 1:20,600 t o 1:74,000) in contrast t o immunized mice (range, 1:1,400 t o 1:4,400). Leuke-CCORDING TO the immune surveillance theory, immunogenic cancer cells are eliminated by the host, whereas nonimmunogenic cancer cells escape detection and propagate in vivo. ' In this study, we examine the in vitro and in vivo host immune responses to a murine acute myelogenous leukemia (AML) cell line, C1498,' which had arisen spontaneously and, therefore, had presumably escaped immune surveillance. We focused on both natural killer (NK) cells and T cells as possible mediators of immune surveillance, because either effector cell type has been shown to be capable of cytolysis of murine or human leukemias.'~'
In vitro lysis of many murine and several human leukemias by NK cells has been shown by many investigators. More consistent lysis of murine and human leukemias is obtained with lymphokine activated killer (LAK) cells, which are thought to be NK cells made highly cytolytic by stimulation with interleukin-2 (IL-Z).' In vivo administration of high doses of IL-2 can achieve elimination of murine leukemia,8 and in humans several investigators report responses in patients with relapsed AML given high dose IL-2.9 The exact mechanism by which NK cells might mediate selective elimination of leukemic versus normal myeloid mia reactive CTLp could be expanded t o a level that could apparently mediate in vivo immune surveillance of I O 5 leukemia cells by injection of irradiated leukemia cells intraperitoneally (IP) or subcutaneously (SC), but not intravenously (W).
However, IV injection of lo5 live leukemia cells engineered t o secrete interleukin-2 (IL-2) resulted in systemic immunity mediated primarily by CD8' T cells. We conclude that NK cells can mediate immune surveillance of a low leukemia burden. CD8+ CTL-mediated immune surveillance can eliminate a higher leukemia burden than NK cells, but requires T-cell help, which can be delivered by local IL-2. Both NK and CTL-mediated immune surveillance of C1498 murine myeloid leukemia is dependent on recognition through the LFA-1:ICAM adhesion pathway. 0 1995 by The American Society of Hematology.
cells is unknown, although one group of investigators speculate that differential expression of cell adhesion molecules like intercellular adhesion molecule-1 (ICAM-1) and leukocyte function antigen-1 (LFA-1) by leukemia cells and normal bone marrow (BM) cells may favor recognition and lysis by NK cells."' T cells, in particular CD8' cytolytic T cells (CTL), are also known to participate in the immune destruction of both murine and human tumors." A role for T cells in mediating a graft-versus-leukemia effect of allogeneic BM transplantation for AML is generally accepted.'* CD8' CTLs recognize small peptides derived from any of multiple endogenous intracellular proteins, which are presented on the cell surface in the groove of major histocompatibility complex (MHC) class I molecules." Because leukemias, in general, express high levels of MHC class I molecules, genetic alterations that result in the generation of a mutant protein(s) with putative leukemia specific properties might then serve as a target of a specific CD8' CTL. Such class I restricted T-cell recognition of a tumor associated antigen has been unequivocally demonstrated for a murine hematopoietic turnor.l4
We sought to understand why C1498 cells had escaped immune surveillance. One possibility we pursued was that the leukemia cells lacked adequate cell surface adhesion molecules, rendering them unable to form stable conjugates with CTL" or NK cells. Or, because C1498 leukemia uniformly expresses high levels of MHC class I, a lack of CD8' CTL recognition might imply that leukemia-specific antigens are lacking. Another possibility was that CD4' helper T cells were not participating in an immune response to this MHC class I+ but MHC class 11-leukemia. Because the majority of CD8' CTL do not produce IL-2, they are dependent on localized IL-2 secretion by CD4' T helper cells." Stimulation of CD8' CTL without provision of helper cytokines (eg, IL-2) would result in failure of the CD8' CTL to proliferate and expand to sufficient numbers for mediating effective immune surveillance.
We present evidence that C1498 myeloid leukemia cells can be recognized and lysed by both NK cells and CD8' CTL. The in vivo effect of NK cells is small so that a For personal use only. on November 16, 2017. by guest www.bloodjournal.org From moderate dose of leukemia overcomes this mechanism of immune surveillance. The critical escape mechanism for this AML cell line appears to be defective CTL expansion in vivo, which can be circumvented either when putative leukemia-associated antigens are provided in sufficient quantities to sites of resident host antigen presenting cells (APCs) or when the leukemia cells are genetically engineered to provide IL-2 protein. Because immunotherapeutic approaches are currently being used for the treatment of AML," these experiments, which are focused on the mechanisms by which AML cells escape immune surveillance in the host, could have important clinical ramifications.
MATERIALS AND METHODS
Mice. Female C57BU6-Ly5.2 mice (H-2b), age 8 to 12 weeks old, were used for all experiments, and were obtained from the National Institutes of Health (NIH) (Bethesda, MD). Mice were handled in accordance with the University of Minnesota Research Animal Resources guidelines.
Cells. The cell line C1498, derived originally from a female C57BL/6 mouse (H-2') was obtained from the American Type Culture Collection (ATCC), Rockville, MD, and was grown in RPM1 1640 (GIBCO BRL, Grand Island, NY) supplemented with 10% heat inactivated fetal bovine serum (Intergen, Purchase, NY), 2 mmoVL L-glutamine, 100 mg/mL streptomycin (GIBCO), 100 U/mL penicillin (GIBCO), 0.025 mg/mL fungizone (GIBCO), 1% minimal essential medium amino acids solution (GIBCO), 10 mmol/L HEPES (GIBCO), l mmoVL sodium pyruvate (GIBCO), and 5 0 m m o L 2-mercaptoethanol (Sigma, St Louis, MO) (referred to as CM). After initial expansion, a large stock of frozen cells was created so that individual experiments always utilized a new vial from frozen stock. The cell line FBL (erythroleukemia, H-Zb) was a kind gift of Dr Martin Cheever (University of Washington, Seattle, WA) and was grown in CM. The cell lines EL-4 (T-cell leukemia, H-2'), YAC (lymphoma, H-2d), and P815 (mastocytoma, H-2d) were obtained from ATCC and grown in CM.
Monoclonal antibodies (MoAbs) and $ow cytometry analysis. In vivo lymphocyte subset depletions. Anti-CD4 (GK1.5), anti-CD8 (2.43), anti-NK1.l (PK136), and anti-LFA-l (FD441.8) MoAbs were generated and titered as described above. Animals were then injected IP (with twice the minimal dose that gave maximum depletion or inhibition) on day -2 and then weekly thereafter for a total of six doses.
Reverse transcriptase assay. Reverse transcriptase activity of cell supernatants was tested by incorporation of radioactive dlTP using a poly(rA) template and subsequent counting of radioactivity on a scintillation counter as previously described.'* IL-2. Human recombinant IL-2 for in vitro experiments was a kind gift of the Cetus Corporation (Emeryville, CA) with a specific activity of 18 X IO6 IU/mg. E -2 liposomes were prepared as previously described." Measurement of IL-2 was performed by enzyme-linked immunosorbent assay (ELISA) (R&D Systems, Minneapolis, MN) according to manufacturer's directions. All IL-2 concentrations are expressed in terms of international units (IU).
Effector cell generation and CTLp frequency analysis. Activated NK cells were generated by injection of 150 pg of polyinosinicpolycytidylic acid (poly I: poly C, Sigma) IP 1 day before harvesting splenocytes. LAK cells were generated by incubation of splenocytes with IL-2 in CM, 1,000 IU/mL for 5 days. CTL were generated by first immunizing mice subcutaneously (SC) with IO' irradiated C1498 (l0,OOO rad) and harvesting splenocytes or draining lymph node cells I week later, then incubating with irradiated C1498 at a responder to stimulator ratio of 2 0 I for 5 days in CM. Cytotoxicity of effectors was assessed by a standard 4-hour chromium release assay," performed in triplicate. Cytotoxicity was determined by the formula: % cytotoxicity = 100 X (exp mean cpm -spontaneous release mean cpm)/(maximal release mean cpm -spontaneous release mean cpm). The ratio of maximum chromium release to spontaneous release was always greater than 4: 1. CTLp frequency analysis was accomplished by performing limiting dilution of responding cells (six dilutions) at 30 replicates in 96-well microplates and incubating for 9 days with irradiated C1498 (104/well), irradiated feeder splenocytes (105/well) and IL-2 20 IU/mL. Cytotoxicity was assessed in each well by addition of chromium-labeled C1498 (l,OOO/well), with an arbitrary cutoff for positivity of 3 standard deviation above mean spontaneous chromium release. Using Poisson distribution statistics according to the method of Taswell" and with the aid of a computer program, the likelihood of a single hit was confirmed, and a frequency estimate calculated. Confidence intervals (95% CI) were obtained based on the chi-square minimization and maximum likelihood methods to compare the CTLp frequencies between groups. Comparisons were made only for frequency estimations performed at the same time under the same conditions.
In vitro blocking of cytotoxiciry. Saturating concentrations (100 pg/106 cells) of the indicated MoAbs were incubated with either the effector cells or chromium labelled leukemia targets and then unbound MoAb washed free before a standard chromium release cytotoxicity assay.
IL-2 gene transduction. The human IL-2 cDNA transducing retroviral vector LIL-2SN construction and packaging has been previously described in detail." For transduction of (21498, viral supernatants of either the control neomycin vector LN or LIL-2SN were used to transduce C1498 at a multiplicity of five colony forming units per C1498 in the presence of 8 pg/mL polybrene for 24 hours. After another 24 hours, the cells were bulk selected in the neomycin analog G418 (GIBCO). Cells were then placed into limiting dilution with G41 8 (1 mg/mL) to isolate clonal populations and these tested For personal use only. on November 16, 2017. by guest www.bloodjournal.org From for IL-2 production. A line with highest IL-2 production was chosen for study.
Statistical analysis. The Kaplan-Meier product-limit method was used to assess the survival of mice.*' The log-rank statistic was used to test differences between groups.24
RESULTS
Characterization of C1498 leukemia. C1498 leukemia has previously been characterized histologically as myelomonocytic,*' which we confirmed by demonstration of expression of a granulocyte marker (gran-l) and two different macrophage markers (Mac 1, Mac 3). C1498 lacked expression of T cell, pre-B cell, and NK cell markers as expected, as well as FcR type I1 (data not shown). This cell line is uniformly positive for the pan-hematopoietic (CD45) marker Ly 5 and expresses the Ly5.1 allele, allowing the use of this antibody for analysis of leukemia burden in C57BL16-Ly5.2 congenic mice differing only at the Ly 5 allele.
We found that C1498 is negative for the p15 envelope protein expressed by most murine leukemia retroviruses.26 Furthermore, reverse transcriptase activity was lacking in this leukemia, while present in a known retrovirally induced murine leukemia FBL (data not shown). Given the reported spontaneous nature of this leukemia and the lack of any evidence for retroviral infection, it is unlikely that a murine leukemia retrovirus is involved in the pathogenesis of this particular leukemia.
With respect to cell surface determinants, which may be involved in an immune response, C1498 is MHC class I positive, but class I1 negative. Importantly, this leukemia is negative for the costimulatory molecules B7-1 and B7-2. C1498 expresses both ICAM-1 and ICAM-2. There is a high level of expression of LFA-1, which most hematopoietic cells express.
C1498 leukemia is sensitive to NK and specijic CTL lysis in v i m . To study the interaction of the host immune system with C1498, we first chose to generate lymphocyte effectors in vitro and test their ability to lyse C1498 in a standard chromium release assay. Figure 1A illustrates that either in vivo poly 1:poly C-activated splenic NK cells or CTL generated from spleens of mice immunized with high doses (10') of irradiated C1498 (injected SC 1 week previously) can effectively lyse C1498 in vitro. When NK celldepleted mice are used to generate effectors, CTL-mediated lysis is unaffected, while NK lysis is completely abrogated. CTL against C1498 could not be generated from splenocytes or lymph node (LN) cells taken from nonimmunized mice, indicating that in vivo priming of T cells is necessary to generate CTL (data not shown).
The specificity of CTL lysis is illustrated in Fig 1B in which FBL leukemia (also derived from a C57BL/6 mouse, H-2b) is included as a target and is not lysed. Similar data were obtained utilizing EL4, YAC, or P815 cell lines as targets, despite demonstration that all these targets are effectively lysed by cytolytic effectors in vitro (data not shown).
These data show that NK cells, as well as an NK negative cell population, presumably T cells, can recognize and lyse C1498 in vitro. Cytolysis by NK-depleted CTL is higher than that observed with activated NK cells and approximates lysis by LAK cells (data not shown). Importantly, CTL generation requires in vivo exposure to a relatively large number of irradiated C1498 cells, presumably to provide a source of antigen for T-cell priming.
In vitro CTL lysis of C1498 leukemia is dependent on CD8 and LFA-I on effectors and MHC class I, ICAM-I, and ICAM-2 on C1498. To determine which recognition molecules expressed on the surface of the effector and target cells are responsible for facilitating C1498 cytolysis, blocking studies were performed with MoAbs directed at surface molecules on either effector cells or leukemia cells. When either CD4 or CD8 was blocked on CTL, only CD8 blockade had an inhibitory effect, whereas blocking class I on C1498 diminished CTL lysis (Fig 2A) . When the role of cell adhesion pathways in CTL lysis of C1498 was investigated, it was found that blockade of LFA-1 on the CTL, but not the leukemia, had a dramatic inhibitory effect upon in vitro lysis (Fig 2B) . When blockade of the ligands for LFA-I on C1498, ICAM-l andlor ICAM-2, was performed, both MoAbs individually had equivalent inhibitory effects, while the combination of the two MoAbs was additive. The combination of anti-ICAM-I and anti-ICAM-2 MoAbs did not equal the degree of inhibition achieved with blocking LFA-1 on the CTL, suggesting that one or more additional ligands for LFA-I are present on C1498. Almost identical data were obtained when LAK effectors were used, indicating that both CD8' CTL and activated NK cells are dependent on LFA-1 recognition of ICAM-I and ICAM-2 on this myeloid leukemia cell line.
I n vivo sunrival &er intmvenolrs (IV) injection of C1498 leltkemia. IV injection of Cl498 leukemia into congenic host mice (CS7BW6-Ly 5.2) leads to reproducible death from leukemia in a dose-dependent fashion. As seen in dependent on NK cells and requires LFA-I:ICAM interuction. As both NK cells and CD8' T cells can recognize and lyse C1498 in vitro, we conducted experiments to determine if either or both types of effectors were involved in mediating leukemia resistance. Because we had determined that IO" C1498 cells/mouse was only partially lethal (see Fig  3) , we asked whether NK or T cells were playing a role in protecting the host from a low dose of C1498 leukemia. Mice received depletionary doses of either anti-CD4 and anti-CD8 MoAb or anti-NK I . I MoAb before IV injection of IO4 C1498 leukemia cells, and then weekly antibody injections thereafter for 4 weeks. Another group received injections of anti-LFA-1 MoAb on a similar schedule. Figure 4 represents cumulative data from two separate but reproducible experiments, and demonstrates that depletion of NK cells, but not T cells, has a statistically significant effect on survival. Thus, NK cells are able to eliminate a low dose ( IO4) of Cl498 leukemia. Furthermore, mice that received an in vivo blocking dose of anti-LFA-l MoAb also had a significantly poorer survival, suggesting that the NK cell-mediated resistance was dependent on LFA-I for recognition of C1498. The fact that T cells were not demonstrated to play a role in eliminating a low dose of Cl498 was perhaps not surprising, given the fact that prior immunization with a higher number of irradiated leukemia cells was necessary to generate CTL in vitro. SC or IP, but not IV, immunization with irradiated leukemia results in immune resistance to the systemic growth of C1498 cells that is associated with the expansion of C1498 leukemia reactive CTLp. T cells did not appear to participate in eradication of a IO4 dose of C1498 cells, suggesting that the growth of the leukemia in vivo did not lead to sufficient priming and expansion of the T cells. We, therefore, asked whether or not leukemia reactive CTLp are expanded after growth of IV injected C1498. Frequency estimations of leukemia reactive CTLp were performed in naive mice, mice with systemically growing leukemia (but healthy in appearance), or mice immunized SC with irradiated leukemia. Mice that had received live leukemia cells had a less than twofold increase (f = 1:20, 61 1,95% Cl 1: 14, 114-29, 795) in the frequency of leukemia reactive CTLp as compared with naive mice (f = 1:38, 239, 95% Cl 1:26, 582-55,009). In contrast, mice immunized with irradiated C1498 cells had a 28-fold increase in CTLp (f = 1:1.378, 95% Cl 1 : 1060-1 792) as compared with naive mice.
One possible explanation for these results is that the IV route of exposure to the leukemia was ineffective in stimulating CD8+ T cells. To test the hypothesis that the route of exposure determines the degree of expansion of CTLp, mice were immunized at weekly intervals by the IV, IP, or SC route with IO' irradiated C1498 cells. Two weeks after the second immunization, splenocytes were harvested for CTLp frequency analysis and the remaining mice challenged with IO' live C1498. Figure 5 shows that both IP and SC immunization effectively increased CTLp and provided protection against a lethal challenge of C1498. However, IV immunization had only a slight effect on either CTLp frequency or survival. These results show that the IV route of exposure of Cl498 leukemia to the host immune system is not effective at generating a T-cell immune response.
SC immunization of naive mice with irradiated

C1498
cells is more effective than exogenous IL-2 in treatment of leukemia-bearing mice. To investigate the possibility that the lack of a helper T-cell response and, therefore, a lack of IL-2 for expansion of CTLp could explain the failure of systemic growth of leukemia to stimulate an immune response, liposomal encapsulated IL-2 (25,000 IU/d) was administered SC daily for a period of 2 weeks starting on day I after a 10' dose of C1498. This dose of liposomal IL-2 has previously been shown to result in sustained levels of biologically active IL-2 in the serum for 24 hours in the range of 2 to 8 IU/mL,2' a level that should be adequate for T-cell stimulation. For comparison, another group received SC immunization with lo7 irradiated Cl498 on days 1 and 8. CTLp frequency was measured on day 8 for all groups.
As seen in Fig 6 , the group receiving immunizations had a significantly higher actuarial survival rate as compared with the group receiving exogenous IL-2 ( P < .002). Furthermore, CTLp were expanded in the immunization group, but not in the IL-2 group, which had a CTLp frequency identical to the control group. Increasing the dose of liposomal IL-2 to 250,000 IU/d, or the use of nonliposomal IL-2 had no beneficial effect on survival of mice receiving 10' C1498 (data not shown). to systemic administration of IL-2, would allow systemically growing C1498 to expand CTLp and generate systemic immunity. C1498 was transduced with the human IL-2 expression vector LIL-2SN as described in Materials and Methods. The highest producing line secreted 4 to 5 IU of IL-2 per IO" cells in 24 hours and was chosen for further study compared with a control line transduced with the neo-vector LN. Both the control LN and IL-2-transduced sublines had identical in vitro growth characteristics, in vitro susceptibility to CTL and NK lysis, and comparable cell adhesion molecule expression as compared with the parental line (data not shown).
Retroviral-mediated IL-2 gene expression by
Mice survived IV injection of IOs or IOh of the IL-2-producing Cl498 cells (C1498nL-2) better than the control transduced C1498 cells (C1498/LN) (Fig 7) . To understand what lymphocyte subsets might be involved in mediating elimination of the IL-2-producing C1498 leukemia cells, we performed in vivo depletion of CD4' or CD8' T cells, as well as NK cells, and challenged mice with C1498nL-2. As can be seen in Table I , depletion of CD8' T cells had Mice were injected IV with the indicated cell line at the indicated cell dose on day 0. Groups receiving MoAb depletion were given the first dose of MoAb on day -3 and weekly thereafter per Materials and Methods.
Abbreviation: MST, median survival time.
Pvalue based on log-rank statistic compared with C1498/IL-2 lo6
no MoAb depletion group. the most significant effect on survival, essentially eliminating the survival advantage of the mice receiving the IL-2 transduced leukemia versus the control transduced leukemia. Depletion of CD4' T cells also had a significant effect on survival, which was less dramatic than CD8' T cells, whereas depletion of NK cells did not significantly affect survival of mice receiving C1498/IL-2. Coinjection of live C I498/IL-2 with C 1498/LN improved survival compared with mice receiving only C1498/LN, suggesting the generation of systemic immunity by the IL-2 producing C1498 (Fig  8) . It is important to point out that the group receiving both C1498/LN and C1498nL-2 were injected with 2 X IO5 cells compared with all other groups that received only IO5 cells.
Therefore, the increase in survival rate for the coinjection group demonstrates the ability of localized IL-2 provision to stimulate an immune response, which can eliminate leukemia cells that are not producing IL-2. Further evidence for the generation of a systemic immune response as the result of local IL-2 provision by Cl498 leukemia cells was obtained by measurement of CTLp frequencies on day 35 in the same experiment. Mice receiving IO5 C1498/1L-2 had a substantially higher frequency of leukemia reactive CTLp (f = 1:6, 613, 95% C1 1 :4, 450-9, 829) than mice receiving 10' C1498LN (f = 1:35, 150, 95% Cl 1:22, 873-54, 019). suggesting that the local provision of IL-2 augmented expansion of leukemia reactive CTL.
DISCUSSION
The data presented in this report show that both NK cells and CD8' CTL can recognize and lyse C1498 leukemia in vitro (Figs I A and 2A) . Both NK-and CTL-mediated killing of Cl498 are dependent on LFA-I binding to ICAM-I and ICAM-2 present on C1498 (Fig 2B) . With regard to in vivo immune surveillance mechanisms, host NK cells appear to be capable of elimination of a low number (IO') of C1498 cells injected IV, which is also dependent on LFA-1 binding (Fig 4) . NK cell-mediated immune surveillance is apparently overwhelmed when a larger leukemia burden is injected because IO' C1498 cells are uniformly lethal to an immunocompetent host (Fig 3) .
For personal use only. on November 16, 2017. by guest www.bloodjournal.org From T cells, on the other hand, could not be shown to play a significant role in the immune surveillance of a low dose (lo4) of C1498, when injected into a naive host. However, mice immunized by the SC or IP (but not IV) route could then resist even a lo5 dose of C1498 (Figs S and 6) . This correlated closely with expansion of leukemia reactive CTLp, suggesting that T cells were then able to mediate immune surveillance of a relatively high leukemia burden. There are many possible reasons that IV immunization with Cl498 failed to induce an effective T-cell immune response. Other investigators have shown that IV administration of an immunogen, in contrast to SC administration, fails to induce a T-cell immune response.3" One hypothesis proposed by these investigators is that when the immunogen is injected IV, antigen presentation by nonactivated APCs takes place with the result that T cells undergo an initial stimulation, but because less IL-2 is made, these T cells die from lack of growth factor stimulation. We reasoned, as well, that defective antigen presentation with a resultant lack of T cell help in the form of IL-2 could explain why IV immunization with C1498 was ineffective and could also possibly explain how C1498 leukemia cells escape T-cell immune surveillance after IV injection of live leukemia cells.
To test the hypothesis that a lack of T cell help in the form of IL-2 could explain failure of a T-cell immune response after IV injection of C1498, the leukemia cells were genetically engineered to produce IL-2. The IL-2-producing leukemia cells were more readily rejected than control transduced leukemia cells when live cells were injected IV (Fig  7) , and this in vivo effect could be accounted for by T cells, primarily by CD8+ T cells (Table 1) . Furthermore, IL-2 production by IV-injected C1498 leukemia cells facilitated leukemia reactive CTLp expansion and generation of a systemic immune response capable of eliminating non-IL-2 producing leukemia cells (Fig 8) . Taken together, these data suggest that C1498 leukemia escapes immune surveillance by CD8' T cells by failing to stimulate host expansion of leukemia reactive CTLp, which can be overcome by immunization by the proper route or local provision of IL-2 by the leukemia cells themselves. We speculate that the lack of expansion of leukemia reactive CTLp when Cl498 grows in the host is due to lack of participation of professional APCs and, therefore, lack of a helper T-cell response with provision of helper cytokines, especially IL-2, necessary for expansion of CTLp.
When irradiated leukemia cells are injected SC (or IP), leukemia associated antigen(s) are presumably concentrated at a site of professional APC residence. Langerhans cells in the skin, for example, are known to process antigens, migrate to draining lymph nodes, and differentiate into dendritic cells, which then present antigen to T cells.3' Dendritic cells have been shown to be the most potent stimulators of T cells due to expression of T-cell costimulatory molecules, such as B7-1 and B7-2, which are thought to be crucial in the generation of a CD4' T-cell response." Because C1498 is MHC class I1 negative, professional APCs are likely critical to the generation of an effective immune response to C1498 by presenting leukemia antigen to CD4' T helper cells. Whether the professional APCs present antigen to CD8+ T cells, in addition to CD4' T cells, is debatable. Recent evidence has emerged that suggests that host APCs, not the MHC class I+ tumors that are used as immunogens, present tumor antigen to host CD8' T celki3 In our model. when immunization is accomplished by the SC or IP route, professional APCs conceivably could present leukemia antigens to both CD8' and CD4' T cells.
When C1498 leukemia cells were engineered to secrete IL-2 and injected systemically, a CD8' CTL response was generated that could mediate eradication of coinjected non-IL-2 secreting Cl498 leukemia (Fig 8) . CD8' T cells were the mediators of the immune response, as depletion of CD8' T cells, but not NK cells, completely abrogated the ability of mice to reject the IL-2-transduced leukemia cells. Unlike the control transduced leukemia cells, systematically injected IL-2-secreting Cl498 leukemia cells expanded leukemia reactive CTLp, suggesting that the leukemia cells themselves were providing 1L-2 for expansion of the antigen activated CTL. Under these conditions, leukemia-associated antigen(s) are likely to be widely dispersed and not concentrated at sites of professional APCs. Therefore. we hypothesize that the observed systemic immune response is most likely caused by leukemia reactive CTLp, which encounter the leukemia and putative leukemia associated antigen(s), in conjunction with MHC class I, are activated to express the high-affinity IL-2 re~eptor,'~ and then are expanded by the IL-2 being secreted locally. NK cells would not be as likely to be stimulated by the local IL-2, as they express only the intermediate affinity IL-2 re~ept0r.j~ These data imply that C1498 leukemia cells can present leukemia associated antigendpeptides in the context of MHC class I to CD8' CTLs but require T-cell help for expansion. Consistent with this hypothesis, we have recently been able to generate a clonal line of CD8' CTL, which specifically lyses C1498 in vitro, is dependent on exogenous IL-2 for propagation, and secretes interferon-y (data not shown). This is the typical cytokine profile of helper dependent CD8' CTL." The absence of a murine retrovirus in the pathogenesis of the leukemia allows the study of T-cell responses to putative tumor antigens and not retroviral antigens." This CTL clone may prove useful in the elucidation of the putative C1498 tumor antigen(s), as has been accomplished by others."
In addition to recognition of antigen presented by MHC class I on the leukemia, recognition of Cl498 by CD8' CTL was completely dependent on LFA-I binding to ICAM-I, ICAM-2, and perhaps other LFA-l ligand(s) on Cl498 ( Fig  2B) . The possibility that other LFA-l ligand(s) are present on C1498 is interesting because ICAM-3 has recently been cloned in humans and found to be a LFA-1 ligand that is highly expressed by monocytes.'8 Because C 1498 has monocytic characteristics, it would not be surprising if it expressed a mouse homologue of human ICAM-3. ICAM- 3 has not yet been cloned in mice and no antibody currently exists, so we cannot at present address this issue. To what extent human AML expresses ICAM molecules has not been thoroughly investigated. One report found that 85% of CD34' AML blasts expressed ICAM-1, and blockade of LFA-1 on LAK cells significantly inhibited their ability to kill AML For personal use only. on November 16, 2017. by guest www.bloodjournal.org From blasts." This suggests that LFMCAM interaction is likely to be important for effector cell recognition and lysis of human AML, as it is for murine AML in our model.
There are several possible implications for human AML, which could be derived from our study. For example, even if a given leukemia is very immunogenic, as is the case for C1498, a coordinated T-cell host immune response is not likely to take place. This is because leukemia growing systemically in the host does not appear to result in expansion of leukemia reactive CTL, which would appear to be due at least in part to lack of sufficient helper cytokines. Even if the particular myeloid leukemia expresses MHC class 11, as the majority of human AML do (with the exception of French-American-British type M3),39 allowing antigen presentation to CD4+ T helper cells, they will likely lack critical costimulatory molecules, such as B7-1 or B7-2. Direct antigen presentation by the leukemia cells in the absence of sufficient costimulation would be expected to result in anergy (antigen specific hyporesponsiveness) induction of CD4+ T helper cells, as has been shown in human melanoma:' Thus, we postulate that without adequate antigen presentation by professional APCs with consequent stimulation of a helper T-cell response, or the local provision of helper cytokines to bypass the need for T helper cells, CD8+ T-cell-mediated immune surveillance of leukemia is not able to take place.
Current clinical strategies for immunotherapy of AML are focused on exogenous provision of high-dose IL-2. Preliminary data with the use of high-dose IL-2 in conjunction with autologous bone marrow transplant (BMT) appears promising.4' Indeed, others have used the C1498 cell line in a model of autologous BMT with exogenous IL-2 and adoptive immunotherapy and demonstrate a therapeutic effect?' These responses seen clinically and in the preclinical model are very likely caused by the generation by high-dose IL-2 of non-MHC-restricted LAK cells. However, based on in vitro data: it seems unlikely that all cases of AML will be susceptible to LAK-based immunotherapy. Furthermore, in addition to in vivo toxicity associated with L-2, in vivo generation of LAK effectors is short-lived, in contrast to the long-term memory response characteristic of T cells. For these reasons, we believe that T-cell-mediated approaches to immunotherapy of AML also warrant investigation.
Successful immunotherapy of AML by leukemia specific CD8+ CTL should, therefore, be focused on either one of two different strategies. One strategy would be to optimize adequate antigen presentation of leukemia antigens by professional APCs to both CD4+ and CD8' T cells. This would be predicted to be successful only if leukemia antigens that can be presented by both MHC class I and class I1 exist. Recently, it has been demonstrated that granulocyte-macrophage colony-stimulating factor (GM-CSF) secretion by transduced murine tumors induced potent CD4+ and CD8+ antitumor immunity.43 This is presumably due to the ability of GM-CSF to serve as a major growth factor for dendritic cells.44 Another possibility would be to load leukemia antigens directly into professional and then to use these in vivo as a vaccine. A better understanding of what constitutes leukemia-associated antigens would likely be necessary to accomplish this strategy.
The alternative strategy is to deliver IL-2 locally to CD8' CTL that have had recent leukemia antigen presentation by MHC class I molecules. This strategy would likely be necessary if the leukemia only contained antigen(s) capable of being presented by MHC class I, but not MHC class 11, molecules. The fact that we were unable to generate an in vivo antileukemia CTL response by exogenous IL-2 (Fig 6) suggests that further studies are necessary to understand if it is possible to deliver IL-2 exogenously to leukemia specific CD8+ CTL in vivo. IL-2 gene transfer into leukemia cells appears to represent a physiologic and effective method for bypassing the need for T helper cells in the generation of a leukemia specific CD8+ CTL response in the host.
